Background: CD8 ϩ T cells and natural killer (NK) cells are cytotoxic cells that use granzyme B (GrB) and perforin. Defective cytotoxic function is known to play a role in dysregulated immune response as seen in chronic sinusitis, also referred to as chronic rhinosinusitis (CRS). However, to our knowledge, in the United States, neither GrB or perforin expression has been reported in patients with CRS.
C hronic rhinosinusitis (CRS) is a highly prevalent inflammatory disease of the upper airway that affects 5-11% of the world's adult population. 1 CRS is characterized by chronic sinonasal symptoms that result from extensive infiltration of inflammatory cells into the sinonasal mucosa. However, more research is needed because the complex immunologic processes and dysregulation that underlie CRS onset and progression are not fully understood. Granzyme B (GrB) is a serine protease that regulates inflammation, apoptosis, and antiviral immunity. 2, 3 As such, GrB has also been shown to be a marker of a cell's cytotoxic capacity. 4 The entry of GrB into a cell is facilitated by the pore-forming protein, perforin. GrB and perforin work synergistically to maintain homeostasis and regulate inflammation. The two main cytotoxic effector cells that use these mediators are CD8 ϩ T cells and CD56 ϩ natural killer (NK) cells. Results of studies indicate that dysregulation in the release of GrB and perforin can contribute to inflammation associated with allergic rhinitis. 5, 6 Furthermore, loss of GrB can lead to impaired killing of viral infected cells. 7 Results of recent studies indicate that there may be dysregulations in CD8 ϩ T cell and NK cell functions in patients with CRS. For example, a number of studies found that CD8 ϩ T cells accumulate in the sinonasal tissues of patients with CRS. 5, [8] [9] [10] Other studies that investigated NK cells found that, in patients with CRS and other allergic airway diseases, NK cells have an impaired ability to produce cytokines and to degranulate, which indicates a dysregulation in effector functions. [11] [12] [13] In addition, a previous study that analyzed a CRS murine model found that the depletion of NK cells further aggravated eosinophilic inflammation. 14 In a recent study from China that examined differences in GrB expression in controls and individuals with eosinophilic or noneosinophilic CRS with nasal polyps (CRSwNP), no differences were found in comparisons of GrB expression in peripheral blood or sinonasal tissue between the groups. 8 Given the widely reported immunologic differences in Western versus Asian patients with CRSwNP, 15 herein we investigated NK cell and CD8 ϩ T cell expression of GrB and perforin in patients with CRSwNP or in patients with CRS without nasal polyps (CRSsNP) in a population of patients from the southeastern United States.
METHODS

Patients
The institutional review board at the Medical University of South Carolina approved these studies, and written informed consent was obtained from all the patients. We enrolled patients with CRSsNP (n ϭ 8) and patients with CRSwNP (n ϭ 8) who fulfilled European Position Paper on Rhinosinusitis and Nasal Polyps 2012 criteria. 16 Obviously inflamed ethmoid sinus tissue was collected from patients with CRSsNP and those with CRSwNP. Control tissue was obtained from the sinuses of patients who were undergoing surgery for non-
secreting pituitary tumors or cerebrospinal fluid leaks (n ϭ 8). Based on radiographic and endoscopic examinations, these patients were free from the presence of sinonasal inflammation. Exclusion criteria were the use of oral steroids or immunomodulatory agents within the preceding 30 days, other immunologic disorders, cystic fibrosis, or aspirin exacerbated respiratory disease.
Tissue Procurement and Processing
Sinus tissue explants and blood samples were returned immediately to the laboratory and processed as previously described. [17] [18] [19] Blood samples were processed as previously described to obtain peripheral blood mononuclear cells, which were cryogenically preserved for later use. 20
Immunostaining and Flow Cytometric Analysis
T cell and NK cell expression of intracellular GrB and perforin was conducted similar to our previously described methods. [19] [20] [21] [22] Peripheral blood mononuclear cells or single-cell suspensions of sinonasal tissue were thawed, rinsed twice, then stained with antibodies (BD Bioscience, Franklin Lakes, NJ) to identify extracellular markers. CD8 was used to identify cytotoxic T cells, whereas CD56 was used for the identification of NK cells The cells were permeabilized by using Cytofix/Perm reagent (BD Bioscience, Franklin Lakes, NJ) and then stained for intracellular expression of GrB and perforin. Isoformmatched isotypes were used as controls for extra-and intracellular staining. The cells were immediately analyzed by using a Guava 8HT flow cytometer (EMD Millipore, Billerica, MA) and FCS Express 5.0 software (De Novo Software, Glendale, CA). Dead cells (7-Aminoactinomycin D positive) were excluded from the final data analysis. Quantification of GrB and perforin was done by using arithmetic mean fluorescent intensity.
Statistics
At the time that these studies were conducted, to our knowledge, no data were available in the literature on GrB or perforin levels in sinonasal tissue to use for sample size calculations. In an interim power analysis that examined the differences in GrB expression (mean Ϯ standard deviation) in the first four control (5.95 Ϯ 2.6) and four CRSwNP (1.7 Ϯ 0.41) samples examined, when assuming ␣ ϭ 0.05 and a power ϭ 0.80, it was determined that we would require a sample size of four per group. For additional statistical power, we decided to pursue a sample size of eight per group.
Statistical analysis was conducted by using GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA). A D'Agostino and Pearson omnibus test was used to determine if the data sets were normally distributed. A 2 test was used to determine if there were statistically significant differences in population compositions with regard to gender and race. A one-way analysis of variance was used to determine if there were differences in age among the groups. For data in which all the groups were normally distributed, a one-way analysis of variance with a post hoc Tukey multiple comparisons test was used to determine statistical significance. For data in which all the groups were not normally distributed, a Kruskal-Wallis test, followed by a post hoc Dunn multiple comparisons test was used when appropriate.
RESULTS
Circulating GrB and Perforin Levels Were Not Different Between Controls and Patients with CRsNP or CRSwNP
Herein, we sought to investigate sinonasal GrB and perforin levels from CD8 ϩ T cells and NK cells in a control group and patients with CRSsNP and patients with CRSwNP. There were 24 patients enrolled in this study who were divided evenly into three groups: control, CRSsNP, and CRSwNP. Each of the three groups consisted of eight patients. No significant differences were found among the three groups for demographic factors (Table 1) . Asthma status was determined by patient history. Given that allergy testing was not a part of standard of care for control subjects or patients with CRSsNP, atopic status was only available for those with CRSwNP. Initially, we focused our investigation on circulating levels of GrB and perforin in plasma as well as intracellular levels in circulating peripheral blood immune cells. However, we observed no significant differences in plasma levels of GrB or perforin between the controls or either subset of CRS (data not shown). Similarly, there was no difference in the total or the cell-specific expression of GrB or perforin (data not shown). As such, we shifted our investigation to focus on sinonasal levels of these mediators.
T Cells and, to a Lesser Degree, NK Cells Account for the Majority of GrB and Perforin in the Sinonasal Mucosa
First, we examined the cell-specific distribution of GrB and perforin in the sinonasal mucosa. In doing so, we found that, in all the groups, T cells accounted for the majority of GrB and perforin, with NK cells being the next most abundant source of these mediators (Fig. 1 ). 
Interestingly, in the control patients, T cells were responsible for producing the highest percentage of GrB and perforin ( Fig. 1 A and B , respectively). NK cells were the next most abundant cell type for producing GrB and perforin. In addition, we observed that 5-10% of cells positive for GrB were neither CD8 ϩ T cells nor NK cells.
Total Levels of GrB and Perforin Were Reduced in the Sinonasal Mucosa
Next, we examined the difference in the total percentage of cells that produce GrB and perforin. Compared with the control patients, we observed a significant decrease in the percentage of total viable cells that stained positively for GrB and perforin ( Fig. 2 A and B , respectively) in patients with CRSsNP or CRSwNP compared with the controls (p Ͻ 0.5). We next quantified the total amount of GrB and perforin ( Fig. 2 C and D, respectively) present by using mean fluorescent intensity of staining. Similarly, a significant difference was seen for both total GrB and perforin expressions in patients with CRSsNP or CRSwNP compared with the controls (p Ͻ 0.5, for both comparisons). There was no significant difference between CRSsNP and CRSwNP percentages of cells that positively stained for either mediator or the amount of staining for either mediator.
The Percentage of Sinonasal CD8 ؉ T Cell Levels, But Not NK Cell Levels, Was Increased in Patients with CRSwNP Compared with Controls
We next examined if a reduced sinonasal presence of CD8 ϩ T cells or NK cells was responsible for the decreased sinonasal levels of GrB and perforin. We observed that patients with CRSwNP, but not those with CRSsNP, had a significantly higher percentage of sinonasal CD8 ϩ T cells than the control patients ( Fig. 3 A) . Interestingly, we did not find any significant difference in the percentage of sinonasal CD56 ϩ NK cells across the groups (Fig. 3 B) . Taken together, analysis of these data indicated that the decreases in GrB and perforin were not the result of reduced numbers of sinonasal CD8 ϩ T cells or NK cells.
The Amount of GrB and Perforin Was Reduced in Sinonasal CD8 ؉ T Cells But Not in NK Cells in CRS
Next, we examined the cell-specific production of each cytotoxic mediator. We did so by evaluating the percentage of cells that stained positively for both CD8 ϩ and GrB ϩ , that stained positively for both CD8 ϩ and perforin, that stained positively for both CD56 ϩ and GrB ϩ , and that stained positively for both CD56 ϩ and perforin. We found significant reductions in the percentage of all sinonasal cells that were positively stained for both CD8 ϩ and GrB ϩ , and that were stained positively for both CD8 ϩ and perforin in patients with CRSsNP and in patients with CRSwNP compared with the controls ( Fig. 4 A and  B) . To gain greater insight into cell-specific production of each mediator, we next examined the percentage of total CD8 ϩ T cells that stained positively for both GrB and perforin. We observed that the percentages of total CD8 ϩ T cells positive for GrB and perforin were significantly reduced in patients with CRSwNP, not in patients with CRSsNP, compared with the controls, which indicated that, although there were more T cells, fewer of them were producing GrB and perforin ( Fig. 4 C and D) . We did not see any significant difference among the groups when we analyzed the NK cell-specific production of GrB or perforin ( Fig. 5 A-D) . Together, analysis of these data indicated that, in patients with CRSwNP, although there was an increase in sinonasal CD8 ϩ T cells, they had reduced intracellular stores of GrB and perforin.
DISCUSSION
GrB and perforin are two critical mediators used by cytotoxic T cells and NK cells to modulate inflammation and to facilitate apoptosis, such as in cells that are virally infected. There is increasing evidence that abnormalities in cytotoxic effector cells and their mediators play an important role in inflammatory airway diseases. GrB expression has previously been examined by histology and flow cytometry in Chinese patients with eosinophilic CRSwNP and those with noneosinophilic CRSwNP. However, to our knowledge, in the United States, GrB or perforin expression in patients with CRSsNP or patients with CRSwNP has not be reported, and, therefore, was the focus of our studies. A number of studies report that significant increases in CD8 ϩ T cells are seen in the sinonasal mucosa of patients with CRS compared with controls. 5, [8] [9] [10] 23 Analysis of our data supported these previous findings in that we observed a significant increase in sinonasal CD8 ϩ T cells in patients with CRSwNP. One hypothesis to explain these abnormal levels is that upregulated levels of CD8 ϩ T cells could be the result of decreased perforin levels. Low levels of perforin production have been proven in both human and murine models to result in the increased expansion and decreased death of CD8 ϩ T cells. 6, [24] [25] [26] In addition, our results indicated that there was a significant decrease in perforin levels in both subsets of patients with CRS, which supported the notion that significantly lower levels of total perforin could play a role in abnormal regulation and thereby the drastically increased CD8 ϩ T cell levels seen in patients with CRSwNP.
Interestingly, we only found significantly different levels of perforin expression in CD8 ϩ T cells but not in NK cells. As previously discussed, NK cells have been found to regulate CD8 ϩ T cell levels by using perforin and have also been observed to have lost their effector functions in patients with CRS. 11, 12, 27 Although we did not analyze degranulation markers or the efficacy of NK cell function, our results showed no significant difference in the total NK cell count or expression of perforin or GrB. Given that GrB has also been shown to be a marker of a cell's cytotoxic capacity, 4 it may be possible that the CD8 ϩ T cells in the sinonasal mucosa of patients with CRSwNP could have reduced the cytotoxic potential.
Ma et al., 8 reported that CD8 ϩ T cells in sinonasal mucosa have reduced effector functions via loss of cytotoxicity and reduced GrB compared with cells from the peripheral blood. With regard to comparisons between controls and patients with CRSwNP, similar to Ma et al., 8 we did not find any difference in peripheral blood GrB levels between the groups. However, unlike that study, we did find reductions in sinonasal CD8 ϩ T cell production of GrB and perforin in sinonasal mucosa. These differences may be due, in part, to differences in the cytokines present in each of these populations. For example, patients with CRSwNP who live in countries such as China, Korea, and Japan often present with type 1 and type 3 inflammation. This varies from Western populations (Europe and North America) in which CRSwNP is characterized by a predominately type 2 microenvironment. 15 Consistent with this hypothesis is that the type 2 cytokine, interleukin 4, has been shown to be a suppressor of cytotoxic functions. 28 However, no studies have yet to report an exact reason why there is an observed loss of GrB and perforin expression in sinonasal CD8 ϩ T cells from patients with CRS, and this could be the focus of future studies.
Ultimately, analysis of the current and previous findings indicated that CD8 ϩ T cells and NK cells may not function as classic cytotoxic cells in the sinonasal mucosa of patients with CRS. 8, [11] [12] [13] Although most of the data presented herein focused on sinonasal levels of the major mediators involved in cytotoxic effector functions, it is important to note that the circulating levels of these factors were, in addition, examined. In agreement with previous studies, we did not observe any difference in these mediators systemically. 8, 9, 23 Our results, however, did differ from studies that evaluated peripheral levels in patients with asthma and chronic obstructive pulmonary disease. [29] [30] [31] [32] [33] This further supported the notion that there may be changes in the T cell profile specific to the localized region of the sinonasal mucosa in CRS that results in a loss of cytotoxicity.
To date, to our knowledge, there have been no published findings with regard to the cell-specific distribution of cytotoxic mediators in the sinonasal mucosa of patients with CRS. Interestingly, we found that there was a significant reduction in GrB and perforin levels in sinonasal CD8 ϩ T cells of the patients with CRS compared with the controls but no significant difference in the GrB and perforin levels in sinonasal NK cells of the patients with CRS compared with the controls. In addition, it is important to note that 10% of both the GrB and perforin distributions in the controls, patients with CRSsNP, and patients with CRSwNP was not within NK cells or CD8 ϩ T cells. Although CD8 ϩ and NK cells are most commonly known to produce GrB and perforin, they can also be produced by mast cells, neutrophils, T-regulatory cells, dendritic cells, macrophages, or basophils. [34] [35] [36] [37] [38] [39] Further investigation is required to determine the exact cell type that is responsible for the production of the remaining 10% of the cytotoxic mediators.
There were several limitations to the current study. Here we did not determine the role of these mediators in cytotoxic function nor did we investigate the relative contribution of cytotoxic effector mechanisms to each cell type. In addition, there was a limitation in the relatively small sample size in that it was underpowered to determine the It is also worth mentioning that the control cohort was predominately female, which had the potential to introduce a gender bias to these studies. However, in our CRSwNP cohort, which was composed equally of male and female patients, we observed no difference in GrB or perforin expression between the genders.
CONCLUSION
Compared with the control subjects, patients with CRSsNP and patients with CRSwNP had reduced sinonasal levels of the cytotoxic mediators GrB and perforin. Furthermore, although patients with CRSwNP had an increase in their number of sinonasal CD8 ϩ T cells present, these cells had reduced intracellular stores of GrB and perforin. Future studies may examine how diminished levels of these mediators may impact antiviral immunity and inflammation in patients with CRS. 
